Phosphatase and tensin homolog-induced putative kinase 1 (PINK1), a Ser/Thr kinase, and PARKIN, a ubiquitin ligase, are causal genes for autosomal recessive early-onset parkinsonism. Multiple lines of evidence indicate that PINK1 and PARKIN cooperatively control the quality of the mitochondrial population via selective degradation of damaged mitochondria by autophagy. Here, we report that PINK1 and PARKIN induce cell death with a 12-h delay after mitochondrial depolarization, which differs from the time profile of selective autophagy of mitochondria. This type of cell death exhibited definite morphologic features such as plasma membrane rupture, was insensitive to a pan-caspase inhibitor, and did not involve mitochondrial permeability transition. Expression of a constitutively active form of PINK1 caused cell death in the presence of a pancaspase inhibitor, irrespective of the mitochondrial membrane potential. PINK1-mediated cell death depended on the activities of PARKIN and proteasomes, but it was not affected by disruption of the genes required for autophagy. Furthermore, fluorescence and electron microscopic analyses revealed that mitochondria were still retained in the dead cells, indicating that PINK1-mediated cell death is not caused by mitochondrial loss. Our findings suggest that PINK1 and PARKIN play critical roles in selective cell death in which damaged mitochondria are retained, independent of mitochondrial autophagy.
Phosphatase and tensin homolog-induced putative kinase 1 (PINK1) and PARKIN are causal genes for autosomal recessive early-onset parkinsonism (1) . PINK1 is a unique Ser/Thr kinase localized on the outer membrane of damaged mitochondria, where it is subsequently autophosphorylated, followed by the formation of a larger protein complex that contains a translocase of the outer membrane (TOM) 4 complex (2) (3) (4) . PINK1 localized on damaged mitochondria selectively recruits PAR-KIN (5, 6) , and phosphorylates PARKIN to uncover latent ligase activity (7) . PINK1 and phosphorylated PARKIN share a cooperative role to modify mitochondrial outer membrane proteins with phospho-ubiquitin chains, and mitochondria decorated by poly-ubiquitin chains are eliminated by selective mitochondrial autophagy (1) , thereby maintaining mitochondrial quality.
Programmed cell death serves fundamental functions in tissue development and homeostasis and is associated with several human pathologies, including neurodegradation, autoimmune diseases, and cancer (8) . Apoptosis, the best studied form of programmed cell death, is characterized by cell shrinkage, blebbing, nuclear fragmentation, and chromatin condensation, and it requires caspase activation (9) . Many studies have revealed caspase-independent but genetically regulated forms of cell death that are classified according to their distinct morphologic features and specific inhibitors (10) . PARKIN prevents cells from dying in response to proapoptotic stimuli (11, 12) . The cytoprotective effects of PARKIN are relatively accepted because loss of PARKIN function leads to progressive degeneration of dopaminergic neurons, giving rise to Parkinson disease. The roles of PINK1 and PARKIN in programmed cell death caused by non-apoptotic triggers, however, remain poorly characterized.
Recently, we reported that removal of a conventional mitochondrial targeting sequence corresponding to the N-terminal 34-amino acid residues allows PINK1 to translocate to the outer membrane in an unconventional signal-dependent manner and induces the autophosphorylation of PINK1 and translocation of PARKIN without mitochondrial depolarization (13) . The truncated PINK1 is constitutively active, can recruit PARKIN to the mitochondria, and promotes subsequent events, even when the mitochondria are energized. Here, we utilized both a chemical uncoupler to depolarize mitochondria and a constitutively active form of PINK1 to reveal that PINK1 activation caused cell death that did not involve caspase activation or mitochondrial permeability transition (MPT), and we induced definite morphologic features, such as plasma membrane rupture. Cell death was induced with a 12-h delay after depriving mitochondria of membrane potential, which differs from the time profile of selective autophagy of mitochondria. Importantly, autophagic activity was dispensable for the cell death induced by PINK1 activation, and mitochondria were still retained in the dead cells. Proteasomal activity, however, was crucial for the PINK1-induced cell death. Our findings suggest that PINK1 and PARKIN regulate not only mitochondrial clearance but also proteasome-dependent cell death with different durations of mitochondrial depolarization.
Results

PARKIN-dependent Cell Death in Response to Mitochondrial
Depolarization-In normal culture conditions with a high glucose concentration, HeLa cell morphology is not significantly altered by treatment with the protonophore CCCP, because cancer cells mainly utilize glycolysis to produce ATP (14) . In contrast to HeLa cells lacking endogenous PARKIN expression ( Fig. 1C, left panel) (15) , HeLa cell lines expressing exogenous PARKIN were sensitive to CCCP treatment. To examine whether PARKIN expression influences cell survival in the presence of CCCP, two independent cell lines stably expressing PARKIN (GFP-PARKIN and HA-PARKIN) were stained with PI to evaluate the plasma membrane integrity. In these HeLa cell lines, expression of exogenous PARKIN was confirmed by immunoblot analysis (Fig. 1C ). Most of the PARKIN-expressing cells were stained with PI in response to mitochondrial depolarization, whereas control HeLa cells were not stained ( Fig. 1A) . Live fluorescence images of cells expressing HA-FIGURE 1. PARKIN-induced cell death in response to mitochondrial depolarization. A, control HeLa and HeLa cell lines stably expressing exogenous PARKIN (GFP-PARKIN or HA-PARKIN) were cultured for 48 h in the indicated combinations of DMSO, 10 M CCCP, and 100 M Z-VAD-fmk and then stained with PI. B, HA-PARKIN-expressing HeLa cells were transfected with GFP to visualize the cell shape, cultured for 30 h with DMSO (panels a-c) or CCCP (panels d-f), and then stained with PI. Live images were obtained using fluorescence microscopy with a fluorescence optical sectioning system. Scale bar, 10 mm. C, total cell lysates prepared from SH-SY5Y, HEK293, control HeLa, and PARKIN-expressing HeLa cell lines were analyzed by immunoblotting with antibodies to PARKIN and actin as a loading control. Asterisk indicates endogenous PARKIN. D, control HeLa and HeLa cell lines expressing exogenous PARKIN were cultured for 40 h as described in A, and the ratio of dead cells in the populations was calculated by measuring the activities of proteases released from cells that lost their membrane integrity. E, control HeLa and HA-PARKIN-expressing HeLa cells were cultured for the indicated times in the presence of CCCP and stained with PI. F, HA-PARKINexpressing HeLa cells cultured for 48 h with either DMSO (panels a and b) or 10 M CCCP (panels c-f) were fixed, and thin sections were visualized by electron microscopy. Most of the CCCP-treated cells had disrupted plasma membranes (panels c and d). Membrane integrity was maintained in a small population of the cells (panels e and f). Lower panels b, d, and f show high magnification images of the corresponding cell in the upper panels. Arrow indicates a mitochondrion. Scale bars, 10 m (panels a, c, and e) and 1 m (panels b, d, and f). G, SH-SY5Y and HEK293 cells were cultured as described in A and then stained with PI. H, SH-SY5Y and HEK293 cells were cultured for the indicated times in the presence of CCCP and stained with PI. Data in A, D, E, G, and H represent the mean Ϯ S.E. of three independent experiments (Ͼ100 individual cells were counted). *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005 (Student's t test).
PARKIN revealed that the CCCP-treated cells were stained with PI ( Fig. 1B ). The number of stained HA-PARKIN cells increased with a 12-h delay after the addition of CCCP ( Fig. 1E ). Thus, exposure to CCCP reduced the viability of PARKIN-expressing HeLa cells. Similar results were obtained in a luminescence cytotoxicity assay that measures the activities of proteases released from damaged cells ( Fig. 1D ).
Electron microscopic analysis revealed a loss of plasma membrane integrity in most HA-PARKIN-expressing cells cultured in the presence of CCCP (Fig. 1F, panel c) . Compared with DMSO-treated cells, the morphology of HA-PARKIN-expressing cells was not significantly altered, i.e. no cell shrinkage or swelling was observed. Importantly, the nucleus appeared to be intact and not fragmented. Although plasma membrane integrity was maintained in some of the cells after CCCP treatment, nuclear fragmentation and chromatin condensation were not detected in such cells ( Fig. 1F, panel e ). The number of mitochondria was clearly decreased by CCCP treatment, but mitochondria were observed even in cells in which the plasma membrane integrity was lost ( Fig. 1F, panel d, arrow) . In SH-SY5Y and HEK293 cells, which express endogenous PARKIN, CCCP treatment caused cell death, as expected ( Fig. 1G ). The number of PI-stained cells increased with a significant delay after the addition of CCCP, like in the PARKIN-expressing HeLa cell lines (Fig. 1H ). The significantly lower number of PI-stained HEK293 cells compared with SH-SY5Y cells may be due to differences in the expression of endogenous PARKIN (Fig. 1C , left panel). These findings indicated that the expression of PARKIN induced cell death with an obvious delay in response to mitochondrial depolarization.
Mitochondrial Autophagy Is Induced Prior to PARKINdependent Cell Death-Mitochondrial depolarization leads to autophagy of damaged mitochondria through PARKIN activation (16) . To investigate how the cell viability reduction relates to autophagy, the time profile of the mitochondrial autophagic activity was analyzed using a mitochondria-targeted and pHsensitive fluorescent protein (mito-Keima) (17) . When mitochondria were depolarized in HA-PARKIN-expressing cells, cytochrome c, a mitochondrial protein, was delivered to the acidic compartments, which were marked by the lysosomal Live images were obtained using fluorescence microscopy. Fluorescent signals of mito-Keima in neutral and acidic pH environments were detected by excitation using 430 and 560 nm of light, respectively. D, HA-PARKIN-expressing cells were transfected with mito-Keima and incubated with either DMSO or 10 M CCCP for the indicated times. Cells with more than 15 fluorescent dots of mito-Keima in acidic compartments were scored as an index of mitochondrial autophagy. E and F, HA-PARKIN-expressing cells were incubated with 10 M CCCP for the indicated times and analyzed by immunofluorescence microscopy (E) and immunoblot (F) using antibodies to an outer membrane protein TOM20, a matrix protein mtHSP70, and a loading control protein p97. Intensity in F represents normalized values of the corresponding band intensity. Data in D and E represent the mean Ϯ S.E. of three independent experiments (Ͼ100 individual cells were counted).
protein LAMP1 (Fig. 2B) . Similarly, intracellular fluorescent dots of mito-Keima excited by 560 nm of light were observed in the LAMP1-positive compartments upon treatment with CCCP ( Fig. 2A ), as reported previously (17, 18) . Therefore, fluorescent dots of mito-Keima excited by 560 nm of light were scored as mitophagic activity. The number of cells with mitophagy dots increased in proportion to the duration of CCCP incubation and reached a plateau after a 12-h incubation (Fig. 2, C and D) . Consistently, the number of cells with the mitochondrial proteins TOM20 and mtHSP70 was decreased by a 12-h incubation with CCCP and did not change afterward ( Fig. 2E ). Similar results were obtained by immunoblot analysis (Fig. 2F ). In the plateau phase, mitophagic activity appeared not to increase, because the protein levels of the mitochondrial proteins were not significantly altered after a 12-h incubation with CCCP. These results suggested that PARKIN-mediated mitochondrial autophagy was increased during the initial 12-h incubation. Taken together with the time profile of PI staining (Fig.  1E ), the decrease in cell viability began after mitochondrial autophagy in response to mitochondrial depolarization. Thus, PARKIN-dependent cell death was induced with a significant delay, which differed from the time profile of mitochondrial autophagy.
PARKIN-mediated Cell Death Does Not Depend on Caspase Activity and MPT-
To determine whether CCCP-induced death of PARKIN-expressing cells is an apoptotic event, a pancaspase inhibitor, Z-VAD-fmk, was added with the CCCP. The number of dead cells, however, was unaffected by 100 M Z-VAD-fmk ( Fig. 1, A and D) . At this concentration, Z-VADfmk completely blocks actinomycin D-induced apoptosis in HeLa cells (19) . Addition of a pan-caspase inhibitor to HEK293 and SH-SY5Y cells also failed to prevent CCCP-induced cell death ( Fig. 1G ). To further explore the steps of the apoptotic process, we examined the release of cytochrome c from mitochondria. Immunofluorescence microscopic analysis revealed a marked release of cytochrome c in both control and PARKINexpressing HeLa cells upon treatment with actinomycin D, although treatment with CCCP barely induced cytochrome c release ( Fig. 3, A and B) , which was consistent with the delivery of cytochrome c to the acidic compartments upon mitochondrial depolarization (Fig. 2B ). Moreover, immunoblot analysis indicated that activation of caspase-3, an effector caspase, and processing of poly(ADP-ribose) polymerase (PARP), a well known substrate cleaved by caspase, were undetectable upon treatment with CCCP ( Fig. 3C) , consistent with the previous finding of unprocessed caspase-3 in primary cortical neurons upon CCCP treatment (20) . The results clearly demonstrated that caspase activity was not required for PARKIN-mediated cell death in response to mitochondrial depolarization. Mcl-1 is a mitochondrial protein belonging to the Bcl-2 family. Its rapid degradation by the ubiquitin-proteasome system is crucial for initiating the apoptotic pathway (21) . As expected, actinomycin D induced complete degradation of Mcl-1. Although Mcl-1 was partially reduced by CCCP treatment, the CCCP-induced reduction of Mcl-1 did not differ significantly between control and PARKIN-expressing HeLa cells ( Fig. 3C ), suggesting that CCCP-stimulated degradation of Mcl-1 was not sufficient to induce PARKIN-mediated cell death.
Bcl-xL, a Bcl-2 family member, is a well characterized antiapoptotic protein (22) . In the HeLa cell line stably expressing Bcl-xL, activation of the apoptotic pathway via mitochondria was suppressed ( Fig. 3 , D and E). Even in the Bcl-xL-expressing cell line, GFP-PARKIN expression induced cell death when cells were incubated with CCCP ( Fig. 3F ). Thus, Bcl-xL expression completely blocked apoptosis but did not block PARKIN-mediated cell death. Taken together with the dispensability of caspase activities, the results suggest that the PARKIN-mediated cell death was a non-apoptotic event. It should be noted that the effect of GFP-PARKIN expression in cells expressing Bcl-xL was moderate compared with that in control HeLa cells. This moderate effect might be due to a slight reduction in mitochondrial targeting of GFP-PARKIN in Bcl-xL-expressing cells (Fig. 3G ), consistent with a previous report that Bcl-2 family members attenuate the translocation of PARKIN to the mitochondria (23) . Nonetheless, PARKIN-mediated cell death was not completely blocked by Bcl-xL at an expression level sufficient to inhibit apoptotic events.
Treatment with CCCP in human cell lines induces ROS production (24) . Oxidative stresses, including ROS generation, appear to be related to MPT (25) , which leads to necrosis and apoptosis (26, 27) . To examine whether PARKIN-mediated cell death involves MPT, ROS production was first measured in HA-PARKIN-expressing cells. ROS production transiently increased after exposure to CCCP (Fig. 3H ). Next, a calcium ionophore, A23187, was used to examine the involvement of MPT because overload of cytosolic calcium causes MPT (26) . Prolonged exposure of A23187 induces apoptotic cell death in HeLa cells (28) . PARKIN-expressing HeLa cells were incubated with A23187 for 30 h and stained with PI, because A23187 induces apoptosis of HeLa cells after a 48-h incubation (28) . Upon treatment with A23187, the number of PI-stained cells did not increase even in HA-PARKIN-expressing cells (Fig. 3I ). Moreover, the MPT inhibitors, cyclosporine A and bongkrekic acid, hardly blocked CCCP-induced cell death in HA-PARKIN-expressing cells (Fig. 3J ). These results indicated that MPT was not required for PARKIN-mediated cell death, although ROS generation transiently occurred in response to mitochondrial depolarization. ATP depletion facilitates MPT through alterations in calcium homeostasis (29) . Intracellular ATP levels were measured when PARKIN-expressing cells were treated with CCCP. Intracellular ATP was not altered until 24 h after the addition of CCCP and later decreased (Fig. 3K ). This result indicated that ATP deprivation occurred after cell death and supported the notion that MPT was not necessary for PARKIN-mediated cell death.
Constitutively Active Form of PINK1 Induces Cell Death in an Autophosphorylation-dependent Manner-PARKIN activation depends on PINK1 (5, 6) . To examine the requirement of PINK1 for PARKIN-mediated cell death, PINK1 was knocked down in control and PARKIN-expressing HeLa cells. More than 90% knockdown of PINK1 was confirmed by immunoblot analysis (Fig. 4A ). Unexpectedly, PINK1 knockdown induced caspase-dependent cell death in control HeLa cells upon prolonged exposure to CCCP (Fig. 4B, left panel) . Introduction of another PINK1-targeted siRNA also caused CCCP-induced cell death, indicating that PINK1 knockdown alone was responsible for CCCP-induced and caspase-dependent cell death in control HeLa cells. Caspase insensitivity of PARKIN-mediated cell death was confirmed even when transfected with control siRNA. In HA-PARKIN-expressing cells, PINK1 knockdown significantly suppressed CCCP-induced cell death in the presence of Z-VAD-fmk, whereas PINK1 silencing had no effect on the cell death without the pan-caspase inhibitor (Fig. 4B , right panel) The results indicated that PARKIN-mediated and caspase-insensitive cell death required PINK1, although PINK1 down-regulation induced another type of cell death that was not mediated by PARKIN. PINK1(⌬N34), a truncated form that lacks the mitochondria-targeting sequence, is the constitutively active form of PINK1, because removal of the typical mitochondria-targeting sequence at the N terminus makes PINK1 constitutively active (13) . To examine whether introducing PINK1(⌬N34) induces cell death that is not affected by caspase inactivation, we transfected HA-PARKIN-expressing cells with PINK1(⌬N34) or PINK1(⌬N34, KD), which carries the kinase-dead (KD) mutation (K219A, D362A, and D364A) to abolish PINK1 kinase activity, together with GFP as a marker. PINK1(⌬N34) expres- sion induced Z-VAD-fmk-insensitive cell death without the mitochondrial uncoupler, whereas PINK1(⌬N34, KD) expression failed to induce cell death (Fig. 4, C and D) . Furthermore, ectopic expression of PINK1(⌬N34) did not affect mitochondrial membrane potential (Fig. 4I) , indicating that PINK1 (⌬N34) induced caspase-independent cell death irrespective of the mitochondrial membrane potential.
Dual phosphorylation at two serine residues (Ser-228 and Ser-402) of PINK1 is crucial for PARKIN recruitment (2). To assess the effect of PINK1 autophosphorylation on cell death, we evaluated the effects of PINK1(⌬N34) mutants with an alanine substitution at one or both phosphorylation sites (Fig. 4E) . Deficient autophosphorylation of the PINK1(⌬N34) mutants was confirmed by phosphate-affinity SDS-PAGE (Phos-tag SDS-PAGE) and immunoblot analysis (Fig. 4F ). As expected, mutants with the single alanine substitution at either Ser-228 or Ser-402 were partially phosphorylated, whereas mutants with doublesubstitutions(S228AandS402A)hadnodetectablephos- A, HeLa cells transfected with siRNA for luciferase (Luc) or PINK1 were incubated for 150 min with or without 10 M CCCP and subjected to immunoblot analysis using antibodies to PINK1 or VDAC1 as a loading control. B, control HeLa and HA-PARKIN-expressing HeLa cells transfected with an siRNA for Luc or PINK1 were treated for 30 h in the indicated combinations of DMSO or 10 M CCCP and 100 M Z-VAD-fmk and then stained with PI. C, GFP-PARKIN-expressing HeLa cells were co-transfected with CFP and plasmid carrying either PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 30 h, and then stained with PI. Live images were obtained using fluorescence microscopy with a fluorescence optical sectioning system. The white arrowheads indicate cells transfected with CFP signal. Scale bar, 10 m. D, HA-PARKIN-expressing HeLa cells were transfected with plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD), together with the GFP expression plasmid as a transfection marker, incubated for 30 h with DMSO or 100 M Z-VAD-fmk, and stained with PI. E, scheme of PINK1(⌬N34) mutants. Red, blue, and orange boxes represent mitochondrial targeting sequence (MTS), transmembrane domain (TMD), and kinase domain, respectively. Positions of the alanine substitution in the kinase domain are marked by a pink-colored single letter. F, HeLa cells transfected with a plasmid carrying the indicated PINK1-3HA mutant were cultured for 48 h, and total cell lysates were analyzed by SDS-PAGE on a Tris-glycine gel containing 50 M Phos-tag and immunoblotted with antibodies to HA tag or LETM1 as a loading control. Red and black arrowheads indicate phosphorylated and non-phosphorylated forms, respectively. G, HA-PARKIN-expressing HeLa cells were co-transfected with GFP and plasmids carrying the indicated PINK1 mutant, cultured for the indicated times, and stained with PI. H, HA-PARKIN-expressing HeLa cells were cotransfected with GFP and plasmids carrying the indicated PINK1 mutant. After 6 h, cells were further incubated for 42 h with either DMSO or CCCP and stained with PI. I, HA-PARKIN-expressing cells were co-transfected with GFP and plasmids carrying the indicated PINK1 mutant, incubated for a mitochondrial membrane potential-dependent dye (TMRM; tetramethylrhodamine methyl ester perchlorate) at the indicated concentrations with or without CCCP, and washed extensively. Live images of tetramethylrhodamine methyl ester perchlorate fluorescent (upper panels) and GFP signals (lower panels) were obtained by confocal microscopy. Scale bar, 10 m. Data in B, D, G, and H represent the mean Ϯ S.E. of three independent experiments (Ͼ100 individual cells were counted). **, p Ͻ 0.005; ***, p Ͻ 0.0005 (Student's t test). n.s. represents not significant. JULY 29, 2016 • VOLUME 291 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 16167 phorylation. Expression of PINK1(⌬N34) caused cell death with a significant delay (Fig. 4G) . In contrast, the autophosphorylation-deficient mutant PINK1(⌬N34, S228A, S402A), as well as PINK1(⌬N34, KD), failed to induce cell death. Interestingly, expression of partially phosphorylated mutants (PINK1(⌬N34, S228A) and PINK1(⌬N34, S402A)) induced only a moderate level of cell death, suggesting that the level of PINK1 activity correlated with cell death. Next, to assess the inhibitory effects of the autophosphorylation-deficient and KD mutants on cell death, the numbers of PI-stained cells expressing the PINK1(⌬N34) mutants were examined with or without CCCP treatment. CCCP-induced cell death was not inhibited by PINK1(⌬N34, KD) or PINK1(⌬N34, S228A, S402A) mutants (Fig.  4H) , indicating that neither autophosphorylation-deficient nor kinase-dead PINK1 mutants had a dominant negative effect on PARKIN-mediated cell death. The results indicated that the constitutively active form of PINK1 (PINK1-CA) resulted in cell death even without mitochondrial depolarization.
Proteasome-dependent Cell Death Induced by PINK1 Activation
PINK1-CA-induced Cell Death Requires PARKIN Ubiquitin Ligase Activity and TOM20 -PINK1 stimulates both enzymatic activity and translocation of PARKIN (5, 6) . To address whether PARKIN ubiquitin ligase activity is directly necessary for the PINK1-CA-induced cell death, we evaluated two PARKIN mutants (T415N and G430D) that are able to translocate to the mitochondria but have no enzymatic activity (6) . The GFP-PARKIN mutants and PINK1-CA were co-transfected into HeLa cells to assess cell death. Both of the PARKIN mutants barely induced cell death (Fig. 5A) , indicating that ubiquitination by PARKIN was required for cell death.
PINK1 forms a large protein complex containing the TOM complex (3, 4) , which acts as a receptor and translocation pore for mitochondrial preproteins. Furthermore, the recruitment of PINK1-CA to the mitochondria requires the TOM complex (13) . To verify whether the TOM complex contributes to cell death induced by PINK1-CA, we knocked down TOM20, a subunit of the TOM complex, and confirmed its down-regulation by immunoblot analysis (Fig. 5C ). TOM20 knockdown drastically reduced PINK1-CA-mediated cell death (Fig. 5B ). Immunofluorescence microscopy indicated that mitochondrial targeting of PINK1-CA was abolished by TOM20 knockdown (Fig.  5D) . Thus, the TOM complex contributed to cell death by recruiting PINK1-CA to the mitochondria.
Programmed necrosis, termed necroptosis, is induced by combined treatment with TNF-␣, a Smac mimetic, and Z-VAD-fmk (30) . Necroptosis involves rupture of the plasma membrane but not nuclear fragmentation, similar to the morphologic features of PINK1-mediated cell death. Therefore, we addressed whether cell death induced by PINK1-CA was related to necroptosis. The addition of inhibitors of programmed necrosis, necrosulfonamide and necrostatin-1 (30 -32) , did not block cell death induced by PINK1-CA (Fig. 5E ). Moreover, knockdown of MLKL, a key component of programmed necrosis (32) , did not affect cell death induced by PINK1-CA (Fig. 5, F and G) . Thus, PINK1-CA-induced cell death was independent of MLKL-mediated programmed necrosis.
Proteasomal Activity, but Not Autophagy, Is Crucial for PINK1-C-induced Cell Death-Activation of PARKIN on mitochondria allows the outer membrane proteins to be ubiquiti-nated and promotes the subsequent steps: degradation of outer membrane proteins by proteasomes and clearance of damaged mitochondria by autophagy (16, 33) . To determine whether proteasomes contribute to cell death induced by PINK1-CA, we applied two proteasome-specific inhibitors, lactacystin and bortezomib. Addition of the inhibitors significantly reduced the number of PI-stained cells with PINK1(⌬N34) (Fig. 6A) , indicating that impairment of proteasomal activity blocked the PINK1-CA-induced cell death. Proteasomes function in diverse cellular processes (34) ; thus their activity often influences cell survival. Under these conditions, PI staining of PINK1(⌬N34, KD)-transfected cells was unaffected by the proteasome inhibitors, suggesting that treatment with these inhibitors did not induce other types of cell death. Similarly, PINK1-CA-mediated cell death in HEK293 cells was also suppressed by treatment with lactacystin ( Fig. 6B ). By vital staining using another membrane-impermeable dye, Zombie Green, proteasome inhibitor-dependent suppression of PINK1-CA-induced cell death was confirmed in PARKIN-expressing HeLa cells (Fig. 6C ). This fluorescent dye is amine-reactive and has a different property from PI, which preferentially binds to DNA. The similar results obtained using two different dyes suggested that proteasome inhibitors suppressed the PINK1-CA-induced cell death rather than the membrane permeability of fluorescent dyes. Moreover, total proteasome activities were elevated when PINK1(⌬N34) was introduced (Fig. 6D) , indicating that expression of PINK1-CA induced proteasome activation. Taken together, the results indicated that PINK1-CA-mediated cell death depended on proteasomal activity.
Autophagic activity transiently increased prior to the PAR-KIN-mediated cell death (Fig. 2, C and D) , suggesting that the cell death was a distinct process from autophagy. To confirm that autophagy was not involved in the cell death, we utilized autophagy-deficient HeLa cell lines (FIP200 KO and ATG7 KO). Two independent clones of each knocked out cell line were examined by co-transfection of GFP-PARKIN with either PINK1(⌬N34) or PINK1(⌬N34, KD). None of the tested autophagy-deficient cell lines exhibited significant mitophagic activity under the hypoxia condition ( Fig. 6E) , in which mitochondria-selective autophagy is induced (17) . Furthermore, the autophagy-deficient cell lines virtually lost mitophagic activity induced by the introduction of PINK1(⌬N34) and GFP-PARKIN (Fig. 6F ). The number of PI-stained cells deficient in autophagy was not significantly reduced compared with that of control HeLa cells (Fig. 6G) . In particular, the number of PIstained cells with FIP200 KO was similar to that of control HeLa cells. Thus, autophagy was dispensable for PINK1-CA-mediated cell death. It should be noted that DNA transfection appeared to be slightly cytotoxic only to the ATG7 KO cell line. Gene disruption of ATG7, however, did not suppress the cell death induced by PINK1-CA. The dispensability of autophagy raised the possibility that mitochondrial clearance is not necessary for PINK1-CA-mediated cell death. Indeed, the PINK1(⌬N34)-transfected cells, in addition to PI staining, exhibited mitochondrial staining by MitoTracker Green, a fluorescent dye that accumulates in the mitochondria irrespective of their membrane potential (Fig. 6H, panel e) . Similarly, mitochondrial staining by MitoTracker Green was detectable in CCCP-treated cells with HA-PARKIN (Fig. 6H, panel b) , which was supported by electron microscopic analysis (Fig. 1F, panels  c and d) . Taken together with the requirement for proteasomal activity, these findings suggest that PINK1-CA-induced cell death requires the degradation of mitochondrial outer membrane proteins by proteasomes but not the elimination of mitochondria by autophagy.
Discussion
Activation of PINK1 triggers the selective removal of damaged mitochondria in a PARKIN-dependent manner (1) . This study demonstrated that treatment with an uncoupler to depolarize the mitochondria enhanced the PINK1-and PARKIN-dependent cell death with definite morphologic features. Furthermore, prolonged expression of PINK1-CA also caused cell death irrespective of the mitochondrial membrane potential. Although mitochondrial depolarization leads to the impairment of a variety of cellular processes driven by membrane potential, our use of PINK1-CA revealed that PINK1 activation rather than mitochondrial dysfunction was sufficient to induce cell death.
Caspases are cysteine-aspartic proteases with critical roles in the regulation of apoptosis and are essential for various cellular events (35) . We demonstrated that cell death induced by PINK1 activation was not affected by treatment with a pan-caspase inhibitor and that caspase-3 and PARP processing were barely detected in HA-PARKIN-expressing HeLa cells upon CCCP FIGURE 5 . PARKIN ubiquitin ligase activity and TOM20 are required for PINK1-CA-induced cell death. A, HeLa cells transfected with GFP or the indicated GFP-PARKIN mutant, together with PINK1(⌬N34), were cultured for 48 h and stained with PI. B, HA-PARKIN-expressing HeLa cells were transfected with siRNA for Luc or TOM20. After 48 h, cells were further transfected with or without plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 30 h, and stained with PI. C, HeLa cells were transfected with siRNA for either Luc or TOM20, and total cell lysates were analyzed by immunoblot with antibodies to TOM20 or tubulin as a loading control. D, HeLa cells transfected with siRNA for Luc or TOM20 were cultured for 48 h, and cells were further transfected with PINK1(⌬N34)-3HA. Targeting of PINK1(⌬N34) to the mitochondria was analyzed by immunofluorescence microscopy. E, HA-PARKIN-expressing cells were co-transfected with CFP and plasmid carrying either PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 6 h, further incubated for 24 h with either DMSO, 2 M necrosulfonamide (NSA), or 10 M necrostatin-1 (Nec-1), and stained with PI. F, HA-PARKIN-expressing cells were transfected with siRNA for either Luc or MLKL, cultured for 48 h, further co-transfected with GFP and plasmid carrying either PINK1(⌬N34) or PINK1(⌬N34, KD), additionally incubated for 30 h, and stained with PI. G, HeLa cells were transfected with a siRNA for either Luc or MLKL, and total cell lysates were analyzed by immunoblot with antibodies to MLKL or p97 as a loading control. Data in A and C-F represent the mean Ϯ S.E. of three independent experiments (Ͼ100 individual cells were counted). *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005 (Student's t test). n.s. represents not significant.
treatment. Furthermore, electron microscopic analysis revealed that none of the cells had the characteristic morphology of apoptotic cells, including nuclear fragmentation, chromatin condensation, and cell shrinkage, even without the pancaspase inhibitor. Thus, the cell death induced by PINK1 activation was not a typical apoptotic event. Recent studies, however, showed that PARKIN plays a critical role in apoptotic death in cooperation with PINK1 (36, 37) . The possibility that multiple pathways of cell death contribute to achievement of PINK1-mediated cell killing cannot be ruled out, however, because inhibiting caspases shifts cell fate to non-apoptotic pathways (38) .
The cell death induced by PINK1 activation required mitochondrial targeting of PINK1, autophosphorylation, and enzy-FIGURE 6. Proteasome activity, but not autophagy, is necessary for PINK1-mediated cell death. A, HA-PARKIN-expressing cells were co-transfected with GFP and plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 12 h, further incubated for 18 h with DMSO, 5 M lactacystin, or 0.1 M bortezomib, and stained with PI. B, HEK293 cells were co-transfected with GFP and plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 24 h, further incubated for 24 h with DMSO or 5 M lactacystin, and stained with PI. C, HA-PARKIN-expressing cells were treated as described in A and stained with Zombie Green. D, HA-PARKIN-expressing cells were transfected with plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD) and cultured for 48 h. Proteasome activities were measured as described under "Experimental Procedures." E, control HeLa (WT), FIP200-knock-out, and ATG7-knock-out cell lines were transfected with mito-Keima and cultured for 24 h under normoxic (panels a, c, and e) or hypoxic conditions (panels b, d, and f). Live images were obtained using fluorescence microscopy. Green and red signals represent mito-Keima in neutral and acidic pH environments, respectively. Scale bar, 10 mm. F, control HeLa (WT), FIP200knock-out, and ATG7-knock-out cell lines were transfected with either GFP-PARKIN (panels a-l) or GFP (panels m-x), together with plasmid carrying PINK1(⌬N34), and cultured for 48 h. Live images were obtained using fluorescence microscopy. Fluorescent signals of mito-Keima in neutral and acidic pH environments were detected by excitation using 430 and 560 nm of light, respectively. Scale bar, 10 mm. G, FIP200-knocked out (clones 13 and 15) and ATG7-knocked out (clones 13 and 23) HeLa cell lines were co-transfected with GFP-PARKIN and plasmid carrying PINK1(⌬N34) or PINK1(⌬N34, KD), cultured for 48 h, and stained with PI. H, left panels: HA-PARKIN-expressing HeLa cells were treated for 24 h with DMSO or 10 M CCCP. Right panels: the same cell line was co-transfected with CFP and plasmids carrying PINK1(⌬N34) or PINK1(⌬N34, KD) and cultured for 30 h. All cells were co-stained with PI and MitoTracker Green, which specifically accumulates into mitochondria irrespective of their membrane potential. Live images of the treated (panels a-d) and transfected cells (panels e-h) were obtained by fluorescence microscopy using a fluorescence optical sectioning system. Scale bar, 10 m. Data in A-D and G represent the mean Ϯ S.E. of three independent experiments (Ͼ100 individual cells were counted). *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005 (Student's t test). n.s. represents not significant.
matic activity of PARKIN, suggesting that ubiquitination of the outer membrane proteins is necessary to kill cells. These processes toward ubiquitination were the same as for selective autophagy of mitochondria. PINK1-mediated cell death, however, was unaffected by knocking out the FIP200 and ATG7 genes, which code for components of the autophagic machinery (39, 40) . Thus, the PINK1-mediated cell death was independent of selective autophagy for mitochondria, although mitochondrial autophagy occurred in advance of the cell death. This finding was supported by the discovery of mitochondria in dead cells by fluorescence and electron microscopic analyses. Furthermore, the observation of mitochondria in the dead cells clearly demonstrated that the PINK1-mediated cell death was not due to a complete loss of mitochondria. Conversely, the remaining damaged mitochondria may lead to the propagation of cell death.
In contrast to autophagy, proteasomal activity was indispensable for the cell death induced by PINK1 activation, suggesting that rupture of the outer membrane of the mitochondria is associated with cell death. In addition to the outer membrane, some of the mitochondrial inner membrane proteins are degraded by proteasomes in a PARKIN-dependent manner (33) . Therefore, the integrity of both the outer and inner membranes may be impaired by proteasomal degradation when PINK1 is activated. Such damaged mitochondria are thought to easily release non-proteinaceous contents, such as iron, into the cytoplasm. The potential release of small molecules, however, is distinct from MPT because MPT was dispensable for the cell death induced by PINK1 activation. As a consequence of the mitochondrial membrane rupture, the production of toxic compounds or a homeostatic imbalance in the cytoplasm may occur, and cells will eventually die. Another type of non-apoptotic cell death, termed ferroptosis, is an iron-dependent form that involves the loss of cytosolic glutathiones and the subsequent accumulation of ROS in the cell (10, 41) . Actually, ROS elevation prior to the cell death was detected in PARKIN-expressing HeLa cells. Taken together with the finding of some mitochondria in dead cells, PINK1-mediated cell death is a distinct type of cell death that requires proteasomes and may provide a way to eliminate cells that fail to rid themselves of all damaged mitochondria.
The unfolded protein response is a well characterized cellular process that is governed by three signaling pathways and switches between life and death fates for the cell by differences in the duration of endoplasmic reticulum stress (42) . Such cell protective and cell death responses have the common purpose of avoiding the accumulation of misfolded proteins in cells and tissues. Similar to misfolded proteins, damaged mitochondria might be eliminated to reduce ROS production. For complete elimination of damaged mitochondria, PINK1 initially induces autophagy-mediated selective clearance to maintain mitochondrial quality, and may eventually trigger proteasome-dependent suicide of cells in which damaged mitochondria are still retained. Further studies are needed to elucidate the molecular mechanism of programmed cell death in association with PINK1 activation.
Experimental Procedures
Cell Lines-HeLa cell lines stably expressing GFP-PARKIN, HA-PARKIN, or Bcl-xL were established previously (6, 19) . HEK293, SH-SY5Y, the above HeLa stable cell lines, and ATG7and FIP200-knock-out HeLa cell lines were maintained at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 4.5 mg/ml glucose.
Reagents and Antibodies-The following reagents were used: propidium iodide (PI, Dojin Chemicals); carbonyl cyanide m-chlorophenylhydrazine (CCCP), A23187, actinomycin D, and cyclosporine A (Sigma); Z-VAD-fmk, MG132, and lactacystin (Peptide Institute Inc.); bongkrekic acid (Abcam); Phostag acrylamide (Wako Chemicals); necrosulfonamide (Cellagen Technology); necrostatin-1 (Focus Biomolecules); bortezomib (Selleck Chemicals); MitoTracker Green (Life Technologies, Inc.); tetramethylrhodamine methyl ester perchlorate (Invitrogen); Zombie Green (BioLegend).
The following primary antibodies were used for immunoblotting: PARP (clone 42/PARP) and caspase-3 (clone 46/caspase-3; BD Biosciences); cleaved caspase-3 (catalog no. 9661, Cell Signaling); p97 (clone 58.13.3, PROGEN Biotechnik); PINK1 (BC100-494, Novus); mitofusin 2 (clone 4H8, Sigma); HA (clone 4B2, Wako Chemicals); and Mcl-1 (clone S-19) and parkin (clone PRK8, Santa Cruz Biotechnology). Antibodies against the HA tag (clone 3F10, Roche Applied Science), TOM20 (FL-145, Santa Cruz Biotechnology), mtHSP70 (clone JG1, Thermo Scientific), cytochrome c (clone 6H2.B4, BD Bioscience), or mitofilin (43) were used for immunofluorescence microscopy.
DNA and siRNA Transfection-The plasmids used in this study are summarized in Table 1 . DNA transfection was performed using FuGENE HD (Promega) according to the manufacturer's instructions. The following siRNA duplexes were transfected into HeLa cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions: PINK1 (target sequence, gacgcuguuccucguuaugaa) and TOM20 (target sequence, aaagttacctgaccttaaaga). After incubation for 48 h, the cells were harvested and used for immunoblotting. 
